Introduction
Even where cytological screening seems to be at its most successful in detecting cancers, such as those of the cervix, it is generally conceded (Husain et al. 1974 ) that it has a significant failure rate. The failure rate is likely to be even greater with cells which are more difficult to recognize, such as those exfoliated from the stomach or endometrium, or where the structural features of the malignant cells may resemble those of metaplasia or dysplasia. These problems have been accentuated by the now general recognition that, although cells derived from carcinoma-in-situ of the cervix may structurally resemble malignant cells, somewhere between 10% and 100% and probably only around 60% of such lesions will progress to invasive cancer (MacGregor 1966 , Burghardt, 1973 , Coppleston & Brown 1975 . To supplement the structural cytological investigations, it was thought reasonable to seek biochemical, functional parameters since, as Huxley (1958) pointed out, 'cancer must be defined operatively in terms of what the tumour cells do' and hence in functional terms. To this end, recourse has been made to quantitative cytochemistry which allows the quantitative analysis of specific biochemical activities in individual cells (Pattison et al. 1979) . Such methods can be applied to smears of cells, as used in conventional cytological screening: the chromogenic reactions produce colour in the cells, according to the degree of the biochemical activity present in each individual cell; the results should then be amenable to automation.
The biochemical activities that have seemed to be most relevant to the functional assessment of malignant cells have been (1) changes in the chromatin; (2) the activity of 'proteolytic' enzymes that must be involved in the ability of malignant cells to invade; (3) changes in the -SH: -S-S-balance, or in the concentration of reduced glutathione, since a highly reductive state appears to be a prerequisite for cell division (as reviewed by Brachet 1950); and (4) changes in the activity of glucose 6-phosphate dehydrogenase (G6PD) which is the rate-limiting step of the pentose-phosphate pathway that is essential for biosynthetic mechanisms involved in cell proliferation (Coulton 1977 ). The first three factors have been investigated in cells in smears obtained by cervical and vaginal irrigation. The last factor has been studied in smears of cells from the stomach, obtained at gastroscopy, and in sections of biopsy samples from the stomach and the colon.
Changes in chromatin: DNA-hydrolysis profiles
There have been many studies on the DNA content of malignant cells, particularly those exfoliated from cervical cancers (e.g. Atkin & Richards 1956 , Sandritter 1965 . Although these have yielded valuable information concerning the ploidy, and aneuploidy, of different tumours, the results have not been of immediate use as an additional aid in screening. Such studies involved the use of the Feulgen reaction (Feulgen & Rossenbeck 1924) which has been shown to yield quantitative measurement of nuclear DNA (e.g. Leuchtenberger 1958) . The reaction depends on the acidic hydrolysis of the DNA to liberate the purines which then exposes the aldehyde groups of the deoxyribose moieties. These are coloured by the Schiff's reagent which binds to the insoluble DNA. The hydrolysis was done with 1 mol/l HCI acting at 60°C. However, it was shown by de Cosse & Aiello (1966) that if the hydrolysis is done at lower temperatures (e.g. 20°C) the backbone of the DNA is preserved, so tending to retain within the nucleus the various species of DNA that may occur; to compensate for the lower temperature, a higher concentration (5 mol/l) of acid is used. Several workers showed that cells which might be expected to contain transcriptionally-active DNA, such as embyronic cells (Agrell & Bergqvist 1962) , viral infected cells (Trusal et al. 1975 ) and malignant cells (Bohm & Sandritter 1966 , Zelenin et al. 1977 had produced evidence that an acid-labile species of DNA could occur. It therefore seemed reasonable to test not the total amount of DNA, but the state of the DNA as shown by its resistance to acid hydrolysis at 20°C. An earlier study by Solomons (1978) showed that, when lymphocytes were activated to proliferate, the apparently newly synthesized DNA was more labile to these hydrolytic conditions than was the original DNA. Thus when the amount of the Feulgen reaction per nucleus was measured after various times of hydrolysis (to yield Feulgen-hydrolysis profiles), two peaks of staining were observed: that related apparently to the original DNA, and which required a long period of hydrolysis, was denoted 'peak 3'; while that representing the apparently newly synthesized DNA was referred to as 'peak 2'. When this procedure was applied to cytologically defined malignant cells, three peaks were obtained in the profile. These corresponded to peaks 2 and 3, as found by Solomons (1978) in proliferating lymphocytes, and as could be found in cells in smears from normal cervix which showed inflammatory changes only ( Figure 1 ). However, in preneoplastic and frankly malignant cells a new peak, denoted 'peak 1', was also found ( Figure 2 ). This apparently corresponded to a small fraction of the DNA that was very sensitive to acid hydrolysis so that, whereas it gave a Feulgen reaction after very short exposure to acid, it was removed from the cells after more prolonged hydrolysis. Of even greater moment was the finding of this peak, albeit of lesser extent, even in the cytologically apparently normal cells in the smears obtained from patients with precancer and cancer of the uterus or of the endometrium, but not in cytologically benign cases. By measuring the area occupied by each peak (as delimited by the broken lines in Figures 1 and 2) , it was shown (Millett et al. 1982 ) that the area occupied by peaks 1 and 2 in 19 specimens from benign and inflammatory cases was 14.1 +1.25 (mean+ s.e. mean) whereas it was 29.3 + 3.2 in the malignant cells of 10 cases of invasive cancer (P < 0.001). In the same specimens the area of the corresponding peaks in cytologically normal cells in such malignant cases was 26.6 + 2.2 (P <0.001). Essentially the same results were obtained when the area occupied by peak I alone was measured, even in the cytologically normal cells of the invasive cancers, but the actual areas were very small.
Proteolytic enzymes
The study of Millett et al. (1980) derived from the earlier microbiochemical investigations of Sylven & Malmgren (1955) which showed that invasive cells extrude proteolytic enzymes, probably of lysosomal origin, into the surrounding tissue. Thus for their study Millett et al. used the lysosomal naphthylamidase reaction (with leucine amide added to the reactionmedium to 'remove the influence of aminopeptidases). The particular advantage of this procedure was that the chromogenic substrate only weakly penetrates fully functioning lysosomal membranes so that it gives increased staining in those cells which have labile lysosomal membranes or in which the naphthylamidase activity is free from the restraint of the lysosomal membranes. It may be noted that the activity demonstrable by this test probably corresponds to that of cathepsin H. Seventy samples, from benign, preinvasive and invasive cases, were assessed by this test, the activities per cell being measured by microdensitometry. The overall results showed a mean (± s.e. mean) for 22 cases with benign and inflammatory conditions of 6.74 + 1.66; of 22.4 + 5.29 for 22 cases of preinvasive neoplasia; and 74.9 + 16.6 for 13 cases of invasive cancer.
The differences between benign and inflammatory versus invasive cancer cases, and between preinvasive and invasive cases, were highly significant. However, not surprisingly, it was also found that cells exfoliated after cryosurgery, and from patients infected with herpes simplex, also showed high activity in this test.
Reduced glutathione
Reduced glutathione (GSH) is a small, very diffusible molecule. However, studies comparing cytochemical and conventional biochemical assays have shown that it can be measured cytochemically (Smith et al. 1979 ). In one small study (Millett 1979 ) the mean amount of stain per cell of normal cells from all grades of cases was 0.98, with a range from 0.14 to 1.62; in cytologically abnormal cells from dysplasia to invasive cancer, it was 2.6, with a range of 1.8 to 3.46 (units of relative absorption per cell). Of particular interest was the finding that the diluted vaginal fluid from preinvasive and invasive cases, when dried on the slides together with the smears, gave very strong reactions.
Effects associated with pentose-shunt dehydrogenase activity There were persuasive grounds for assuming that pentose-shunt activity, including the activity of the two dehydrogenating steps of this pathway, nameiy glucose 6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD), might be elevated in malignant cells. These follow from the facts that the activity of these dehydrogenases provides both a major source of NADPH, which is required for many biosynthetic mechanisms involved in cell replication, and ribose-phosphate which is utilized in the synthesis of RNA and of DNA. Initial, rather simple, cytochemical studies (Chayen et al. 1962) indicated that, under the particular conditions used in those studies, the activity of 6PGD was a good marker of malignancy. However, later it became clear (e.g. Altman et al. 1970 ) that the efficacy of this test did not depend on a change in total activity of either, or both, of these dehydrogenases, but on a quirk of how malignant cells responded in this test.
In brief, the cytochemical demonstration of dehydrogenase activity involves the reduction of NADP+ to NADPH and the transfer of the 'hydrogen' (or reducing equivalents) from the NADPH to a soluble tetrazolium salt which, in becoming reduced, is precipitated as a highly coloured, insoluble formazan (Chayen et al. 1973) . In all these studies neotetrazolium chloride (NT) was used as the final hydrogen-acceptor. This tetrazole cannot compete with oxygen so that, if a reaction for G6PD (or 6PGD) activity in normal cells is done in an atmosphere of oxygen, very little formazan will be produced. In contrast, in such malignant cells as have been studied up to the present, there appears to be some factor that blocks the ability of oxygen to compete with NT for reducing equivalents derived from NADPH. Consequently, when tested in an atmosphere of nitrogen, the G6PD activity of normal and of malignant cells may even be identical, whereas when tested in an atmosphere of oxygen (for a suitable time) only the malignant cells will be stained. Ibrahim et al. (1983) applied this test to sections of 18 specimens of benign lesions of the stomach and 17 specimens of carcinoma of the stomach. The activity of G6PD in the mucosal cells was measured, in either nitrogen or oxygen, by microdensitometry. When the reaction was done in an atmosphere of nitrogen, the activities were very similar: 284 + 24 as against 225+16 (mean + s.e. mean: mean relative absorption/cell). However, when the sections were reacted in an atmosphere of oxygen, the results were 2.9+7.8 as against 68.3 + 6.3 for the same reaction time. Thus in oxygen, the malignant cells had 27% residual 'G6PD' activity as against negligible activity in the normal cells. Similar results were obtained in 15 benign smears and 18 malignant smears: in nitrogen the activities were very similar in the benign and malignant specimens whereas in oxygen the malignant cells retained 31% of this activity as against 0.02% in the benign cells. Essentially similar results were obtained with sections of colon.
Discussion
In considering possible indicators of malignant growth, it may be important to try to evaluate biochemical activities that underly such growth. However, the mere demonstration of such activities is of no use unless the techniques are sufficiently robust. Thus it is necessary that they can be used on dried cells, collected by a cytologist perhaps a few days before they are processed in a central laboratory. It is also necessary that the procedures, even in the specialist central laboratory, should be simple and not too exacting in time and effort; otherwise they are unlikely to be capable of being used on the large number of smears that have to be investigated in a routine laboratory.
Although the first factor investigated, namely the controlled-Feulgen profiles, can be used on dried smears, the effort required to measure such profiles precludes this as a routine procedure. However, it is possible that the amount of stain in the first peak could be used. For example, if smears were subjected to a short hydrolysis, for example five minutes, only the malignant cells would show appreciable stain, since only these would show the first peak of staining. Although this may involve very low levels of staining, the intensity of the reaction could be enhanced considerably by using a fluorescent-Schiff reagent (Fukuda et al. 1978) . As regards the naphthylamidase reaction, Millett et al. (1980) showed that it could be done on dried smears several days after they were prepared; its drawback was the finding of strong positive reactions in response to damage and viral infection. However, it should be pointed out (Ibrahim 1982) that neither of these procedures may be suitable for gastric smears where the pH of the gastric fluid can influence the stability both of the DNA and of the lysosomal membranes.
The elevated levels of GSH, both in malignant cells and in the vaginal fluid, might form the basis of a useful diagnostic procedure particularly because such levels, in the fluid, might be amenable to electrochemical measurement. However, it must be borne in mind that elevated levels of GSH may be associated with cell proliferation generally and may not be peculiar to neoplastic cells.
The most promising cytochemical procedure for detecting the presence of carcinoma cells is that which involves the peculiar lack of interference by oxygen in the cytochemical glucose 6-phosphate dehydrogenase-neotetrazolium reductase procedure. This apparently depends on the presence, in malignant cells, of some moiety that reacts with oxygen, so diminishing the ability of oxygen to compete with neotetrazolium chloride in this reaction. This finding is not peculiar to cytochemical studies in that an apparently analogous effect has been found in studies involving electron spin resonance spectroscopy (Benedetto et al. 1981) .
